In the last decade, the development of theoretical methods has allowed chemists to reproduce and explain almost all of the experimental data associated with elementary atom plus diatom collisions. However, there are still a few examples where theory cannot account yet for experimental results. This is the case for the preferential population of one of the L-doublet states produced by chemical reactions. In particular, recent measurements of the OD( 2 P) product of the O( 3 P) þ D 2 reaction have shown a clear preference for the P(A 0 )
C
hemists are keen to describe chemical reactions in terms of the motion of billiard balls on a more or less complex quantum electronic landscape, the potential energy surface (PES). However, this picture is not always valid and quite often several PESs have to be considered, potentially giving rise to non-adiabatic effects that may have a decisive influence on the dynamics. When multiple PESs participate in a reaction, it is not possible to disentangle experimentally the contribution of each of the competing surfaces, answering the question of which of them is more/less reactive and why. The presence of multiple PESs correlating reactants and products leads to open shell molecules in which the rotational levels may be split into spin-orbit states and, in turn, each of them into two nearly degenerate L-doublet levels that can be spectroscopically resolved due to different selection rules. In spite of the tiny energy difference between the L-doublet pair of states, a clear preference towards one of them is observed in many chemical processes [1] [2] [3] [4] [5] [6] , including inelastic and reactive collisions, and molecular photodissociation, and has even been postulated as the origin of OH astronomical masers 7, 8 . As pointed out by several authors [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , the L-doublet population acts as a fingerprint to unravel the symmetries of the surfaces involved in the process, such that the propensity for one of the manifolds reflects the competing reactivity on concurrent PESs and addresses the question of where the electrons go when the reaction takes place 15, 17 . However, a general, clear-cut relationship between them has not yet been demonstrated.
Collisions leading to NO( 2 P) and OH( 2 P) are prototypical for the study of L-doublet propensities. Recent experiments by Minton, McKendrick and coworkers 5, 6 have determined the OD(X 2 P) state-to-state L-doublet population ratios for O( 3 P) þ D 2 collisions. Regardless of the collision energy and final vibrational state, they consistently found a significantly larger population of the P(A 0 ) L-doublet state compared with the P(A 00 ) one, where the labelling of the states refers to the location of the singly occupied orbital in the rotation plane of the diatom, P(A 0 ), or perpendicular to it, P(A 00 ), in the limit of high products rotational states j 0 (refs 14,16,18) . This result seems to contradict the theoretical results, which would predict a preference for P(A 00 ) under the assumption that collision on two concurrent PESs of symmetry 3 A 0 and 3 A 00 would only form P(A 0 ) and P(A 00 ) L-doublet states, respectively. This simple assignment is supported by the rationale that for direct, sudden collisions, the products 'remember' the collision conditions and hence there should be a close relationship between both symmetries. However, a general procedure for connecting the reactivity on concurrent PESs with the L-doublet population has yet to be achieved.
In what follows, we present a method that connects the reactivity on the A 0 and A 00 PESs with the populations of the respective L-doublet states, through the explicit consideration of the reaction stereodynamics. This method is capable of explaining and reproducing the experimental OD(X 2 P) L-doublet population ratios measured for the O( 3 P) þ D 2 reaction. The present theory also allows us to connect the predicted L-doublet propensities with the reaction mechanisms on each of the concurrent PESs.
Results

K-doublet populations and reactivity on A
0 and A 00 PESs. We will start by invoking conservation of the reactive flux, which implies that the population of the two L-doublet states and the cross-sections on the A 0 and A 00 PESs are related by These coefficients are related to the dihedral angle between the three-atom plane and the OD molecular plane 15 . This angle connects the symmetry of the PES to that of the L-doublet state and, in the high j 0 limit, can be identified with y j 0 u , the angle between the rotational angular momentum, j 0 , perpendicular to the OD rotation plane and the vector u perpendicular to the three-atom plane 19 (see Supplementary Fig. 1 19 , where y j 0 u can be computed at every step of the trajectory. In a pure quantum mechanical (QM) context, the equivalent magnitude would be j 02 u =ðjðj þ 1ÞÞ, where j 02 u is the projection of the rotational angular momentum along the u vector.
A crucial finding, which can be demonstrated using either QCT or QM arguments (see Methods section for a detailed derivation), is that cos 2 y j 0 u rot , the average value of the square angle cosine is related to the helicity, O 0 , the projection of j 0 on the products recoil direction (k 0 ), through the expression:
K-doublet populations and the reaction stereodynamics. Equation (5) has very important implications: W A 0 and W A 00 for a given rovibrational state depend only on the distribution of the helicities and, in general, will differ because such distributions reflect the mechanisms on the concurrent PESs, which can be different. This means that equations (1) to (5) can be used to: (i) determine L-doublet populations also in a purely QM context, for which O 0 is well defined, and (ii) relate the L-doublet populations to the reaction mechanism (see below).
The average value of |O 0 | 2 can be determined from the product rotational alignment moment, a ð2Þ 0 ðj 0 Þ, which contains the essential information about the alignment of j 0 with respect to the product recoil velocity, and is given by 20 (see Supplementary Note 1 for further details)
where s v
leading to the following expression for W A 0 ,
in which the polarization moments, a 24 , that is, the 'cone of acceptance' is broader on the A 00 PES. The inclusion of non-adiabatic couplings in the dynamics does not change this picture, as both trajectory surface hopping 25 and non-adiabatic QM calculations 26,27 also indicate larger reactivities on the A 00 PES. Before discussing the other panels of Fig. 1 , it is pertinent to inspect the integral alignment moments, a Inserting the values of the alignment moments calculated on both PESs into equation (8) which, in effect, means that 450% of the reactivity on the A 00 PES is 'transferred' to the P(A 0 ) L-doublet state. In contrast, as a result of the consistently fairly negative values of the alignment parameters, W A 0 is always 40.6 and in some cases is a large as 0.80. In consequence, the relative 'transfer' of reactivity from A 0 to P(A 00 ) is much less significant than that found from A 00 to P(A 0 ). PESs to the L-doublet populations as a function of the final rotational states. The data were obtained from the QM reaction cross-sections for the
NATURE COMMUNICATIONS | DOI: 10.1038/ncomms13439 ARTICLE Therefore, after correction, the relative population on the P(A 0 ) state is significantly enhanced. The resulting L-doublet populations are depicted in the right panel of Fig. 1 . Quite remarkably, the situation is the reverse of that found for the reactivity on the respective PESs: the P(A 0 ), L-doublet state is considerably more populated than the P(A 00 ) state for low j 0 . In particular, for
values (j 0 418), the populations of the two L-doublets are very similar.
In Fig. 3 , the experimental L-doublet population ratios measured 5 at 25 kcal mol À 1 are compared with the present QM (left panels) and QCT (right panels) calculations for the v 0 ¼ 0, 1 manifolds. All the results are plotted against N 0 ¼ j 0 þ 1, where j 0 and N 0 stand for the nuclear (closed shell) and total (apart from spin) rotational angular momentum, respectively. For each case, two series of results are shown: (i) the ratio of the ICSs on the A 0 and A 00 (labelled as 'QCT' and 'QM') where W A 0 and W A 00 are implicitly set to 1, and (ii) the ratio of the populations on the P(A 0 )/P(A 00 ) using equations (1) and (2) with the correction factors included. For the latter results (labelled as 'corr-QM' and 'corr-QCT'), the W A 0 and W A 00 factors are calculated according to equation (8) . It is evident that the uncorrected QCT and QM results cannot account for the experimental L-doublet ratios and, regardless of j 0 , predict larger populations on the P(A 00 ) state, in striking disagreement with the experimental results. In contrast, the corrected results reproduce fairly well the experimental values. In particular, the 'corr-QM' results are within the experimental error bars for most of the final states shown, particularly for OD(v 0 ¼ 1). As shown in Fig. 4 , similar agreement between experimental 6 and theoretical results is obtained at E coll ¼ 20 kcal mol À 1 . At even lower collision energies, E coll ¼ 15 kcal mol À 1 , the agreement between the corrected QCT and experimental results is not as good, probably because the collision energy is just above the barrier. In fact, no trajectories were found for N 0 413, whereas the QM and experimental data populate up to N 0 ¼ 21. The corrected QM results remain in good agreement with the experiments at this low collision energy. It is worth noticing that although our corrected results predict quantitatively the Exp. experimental L-doublet ratio regardless of the collision energy and vibrational manifold studied, uncorrected results fail to account qualitatively for the experimental measurements, predicting a preference towards the P(A 00 ) states.
Characterization of the mechanisms. As already discussed, the way in which cross-sections on the A 0 and A 00 PESs are combined to obtain the P(A 0 ) and P(A 00 ) populations is strictly related to the alignment of the product rotational angular moment with respect to the recoil direction. To show this effect more clearly, the values of
as a function of O 0 and j 0 are depicted as gradiational contour maps in Fig. 5 Exp.
Exp. 
Discussion
In spite of the tiny energy difference between the L-doublet pair of states, a clear preference towards a particular L-doublet state is observed for many chemical reactions and photodissociation processes. This intriguing fact, whose significance is known to be connected to the reactivity on concurrent PESs and the evolution of the electronic density in chemical processes, has long puzzled researchers and has been the subject of an ongoing discussion for more than 30 years.
In this study, we have presented a method that allows one to extract the L-doublet populations from the cross-sections on the A 0 and A 00 PESs. It is shown that the transformation between the reactivities on the A 0 and A 00 PESs and the L-doublet populations only requires knowledge about the stereodynamics of the reaction, in particular of the alignment of the product rotational angular momentum, j 0 , along the recoil direction, k 0 . This method has been applied to the O( 3 P) þ D 2 reaction, for which we have carried out QCT and QM adiabatic calculations. Although couplings between the concurrent PES have not been included, our method accounts quantitatively for the experimental L-doublet populations obtained by Minton and colleagues 5, 6 that have thus far remained unexplained. The analysis of the results has shown that the preference for the P(A 0 ) L-doublet state is due to the existence of an additional mechanism on the A 00 PES for which the OD rotational plane tends to be orthogonal to the three-atom plane. This mechanism has been traced back to the comparative topographies of the A 0 and A 00 PESs, the latter characterized by a broader cone of acceptance.
The implications of the results and methodology presented in this work go beyond the reproduction of experimental measurements, as they reveal the underlying connection between the reaction mechanism and the population of the L-doublet states. The strategy developed to quantify such a connection is, in principle, general and can be used in combination with scattering data obtained using both QCT and QM adiabatic and nonadiabatic approaches. The methodology might also be extended to more complex reactions generating open shell radicals, such as
, whose lambda-doublet propensities have been measured. In addition, the scheme presented here could be inverted so as to assess the role of the different PESs that participate in a process from the experimentally measured relative populations of the L-doublet states and the polarization parameters.
Methods
Ab initio calculations. The PESs of the lowest 1 3 A 0 and 1 3 A 00 states were determined using 3,500 ab initio points for each PES that were calculated using the MOLPRO suite of programmes 31, 32 . For both oxygen and hydrogen atoms, an aug-cc-pV5Z basis set including spdfg basis functions was used. To obtain an accurate and homogeneous description of the PESs, the state-average complete active space self-consistent field method 33 was employed. The active space considered consisted of eight electrons distributed in six orbitals (2-6a 0 and 1a 00 ), to include all valence orbitals of oxygen and the 1s orbitals from both hydrogen atoms. The state-average orbitals and multireference configurations obtained were then used to calculate both the lowest 1 3 A 0 and the lowest 1 3 A 00 state energies with the internally contracted multireference configuration interaction method, including single and double excitations 34 and the Davidson correction 35 . The ab initio internally contracted multireference configuration interaction þ Q energies for the 1 3 A 0 and 1 3 A 00 electronic states were fitted separately using the GFIT3C procedure introduced in refs 36-38, in which the global PES is represented by a many-body expansion:
where V
A represents the energy of the atoms (A ¼ O,H,H) in the ground electronic state, V ð2Þ AB the diatomic terms (AB ¼ OH,OH,HH) and V ð3Þ ABC the three-body term (ABC ¼ OHH). This fitting procedure allows one to obtain a smooth analytical form of the potential and its gradient. The overall root-mean-square error of the two analytical potentials calculated over the 3,500 geometries was found to be 0.61 and 0.44 kcal mol À 1 for the 1 3 A 0 and 1 3 A 00 states, respectively. In what follows, we will compare the PESs devised in this work with the benchmark PESs obtained by Rogers et al. 24 (hereinafter RWKW PESs). Both sets of PESs are qualitatively similar and are characterized by a collinear barrier of height E0.6 eV, a larger 'cone of acceptance' on the 3 A 00 PES and lack deep potential wells. Our PESs show a T-shape Van der Waals well in the entrance channel for both the A 0 and A 00 states. They do not appear on the RWKW PESs, as they fitted their surfaces using a cutoff and a smooth damping in the long-range region.
The geometry and energy of the saddle points for both sets of PESs are presented in Table 1 and compared with the ab initio values calculated using a the aug-cc-pV5Z basis set. The barriers are slightly larger on our PESs (B20 meV) and reproduce slightly better the energetic degeneracy of the saddle points. This fact is important, because the breaking of such degeneracy may increase artificially the reactivity on one the PESs and influence the calculated L-doublet propensities.
In Supplementary Fig. 4 we show the QM state-to-state reactive cross-sections calculated on the A 0 and A 00 PESs as a function of the products' internal energy at 25 kcal mol À 1 , similar to that published in ref. 39 . As can be seen, the RWKW PESs 24 are more reactive due to their slightly smaller barrier. The main differences between the reactive cross-sections are observed on the A 00 PES in the 0.6-0.8 eV internal energy range, where a bump is observed for the RWKW PESs. However, and in spite of the aforementioned differences, the L-doublet ratios predicted using both set of PESs are almost identical as it is shown in Supplementary Fig. 5 , owing to the fact that the relatively small differences in rotationally resolved cross-sections are compensated when the ratios are calculated. These results lend additional credence to the methodology devised in this study, showing that the preference observed towards the P(A 0 ) state is not caused by small details of the PES but is determined by the overall reaction mechanism.
Dynamical calculations. Based on the PESs obtained, QCT and time-independent QM calculations were carried out at the three collision energies: 15, 20 and 25 kcal mol À 1 . QCT calculations consisted of batches of 5 Â 10 6 trajectories following the methodology described in refs 22,23. The trajectories were started and finished at a atom-diatom distance of 20 a.u. (B10 Å) and the integration step size was chosen to be 0.05 fs, which guarantees a energy conservation better than a 0.01%. The rovibrational energy of the reactant D 2 molecule was calculated by semiclassical quantization of the action using the potential given by the asymptotic reactant valley of the PES. The assignment of the product quantum numbers was carried out by equating the square of the classical D 2 molecule rotational angular momentum to j 0 (j 0 þ 1)' 2 . The vibrational quantum number v 0 was found by equating the internal energy of the products to a rovibrational Dunham expansion. The 'quantum numbers' so obtained were rounded to the nearest integer.
To extract the contributions of each trajectory to the P(A 0 ) or P(A 00 ) L-doublet states, it is sufficient to determine the classical product polarization parameters a ð2Þ 0 with respect to the recoil direction on each PES. This polarization parameter is given by hP 2 (cosy j 0 k 0 )i, where the brackets indicate the averaging over the set of reactive trajectories leading to a given final state.
Time-independent QM calculations were carried out using the ABC 21 code. The basis set for the calculations included all the diatomic energy levels up to 63.4 kcal mol À 1 . The propagation was carried out in 150 log-derivative sectors up to a distance of 20 a.u. For J40, the value of O max , the maximum value of the projection of J and the rotational angular momentum onto the body fix axis was always chosen to be larger than the maximum value of j 0 energetically accessible (O max ¼ 30).
Classical and semiclassical deduction of equation (5) . The A 0 or A 00 electronic symmetry of the PES is defined with respect to the rotating body-fixed DOD plane, defined by r 0 and R 0 (OD internuclear vector and the atom-diatom D-OD vector, respectively). In turn, the symmetry of the L-doublet states is defined with respect to the reflection in the OD rotation plane that contains r' and is perpendicular to j 0 , the nuclear rotational angular momentum.
Therefore, the relevant angle is y j 0 u , that is, the angle between j 0 and u, a vector in the direction of r 0 Â R 0 . The vector R 0 is asymptotically parallel to the product recoil vector k 0 and hereinafter we will use the latter as reference. In fact, y j 0 u represents the dihedral angle between the molecular plane, and the three-atom plane. As pointed out in refs 15,19, cos 2 y j 0 u can be used to relate the symmetry of the L-doublet levels to the symmetry of the PES.
The use of cos 2 y j 0 u stems from the fact that it represents the probability that for each PES, the OD molecule will be produced in a given L-doublet state. Classically, the use of the square of the cosine of y j 0 u can be justified as we are interested in the mutual alignment of the planes depicted in the Supplementary Fig. 1 .
Without any loss of generality, we can select a space-fixed (scattering) frame of coordinates in which both the product rotational angular momentum, j 0 , and the recoil direction, k 0 , are fixed. Let us also assume that j 0 lies along the z axis (see Supplementary Fig. 1 ) and k 0 is contained in the xz plane. With this choice, the OD internuclear axis, r 0 , will lie in the xy plane. Then, y k 0 j 0 , the angle between j 0 and k 0 , is given by:
where y k 0 r 0 is the angle between k 0 and r 0 . Hence, the cosine of the angle between j 0 and u 0 is given by:
where f r 0 is the azimuthal angle of r 0 . Using the law of cosines, it can be shown that:
where we have used the fact that r 0 is perpendicular to j 0 . Therefore, combining equations (11) and (12) we obtain the following expression for cos 2 y j 0 u :
In the chosen space-fixed reference frame, j 0 and k 0 do not change with rotation in the product asymptote for a given trajectory. Hence, the only variable that changes with rotation in equation (13) is f r 0 . Averaging over a rotational period, that is, integrating equation (13) over f r 0 and dividing by 2p, the average value of cos 2 y j 0 u over a rotational period is given by:
Equation (14) is particularly relevant, as it relates y j 0 u , the angle between the normal vectors to the OD rotation plane and to the three-atom plane, with y k 0 j 0 . Semiclassically, |j 0 |cosy k 0 j 0 is the projection of j 0 onto k 0 , that is, the product helicity O 0 , and the right-hand side of equation (5) is recovered.
QM deduction of equation (5). Following refs 10,13,40, the OH molecular rotational wave function can be written as
where D j 0 Ã O 0 L 0 is the rotation matrix element and (a,b,g) are the Euler angles, which specify the orientation of the body-fixed frame (BF), xyz, with respect to the space-fixed (SF) frame, XYZ. The BF frame is chosen with z along the OH internuclear axis, r 0 , whereas the Z axis in the SF frame is chosen along the recoil velocity vector, k 0 . With this choice, b ¼ y k 0 r 0 and a ¼ j r 0 , which define the direction of r 0 in the SF frame. The angle g is chosen to be 0, such that the line of nodes (the intersection of the XY and xy planes) is y u, which is perpendicular to both z ¼ r Classically, |j 0 | 2 cos 2 y j 0 u represents the square of the projection of j 0 onto the u vector. In QM, the equivalent magnitude would beĵ 02 u , the expectation value of the square of the operator that represents the projection along u. It can be shown that the expression ofĵ 0 u is simply À iq/qy k 0 r 0 (ref. 41) . Therefore, Data availability. The authors declare that all data supporting the findings of this study are available from the corresponding author upon request.
